We performed an ultra-high vacuum scanning tunneling microscopy (STM) investigation of the self-assembly of rubrene at room temperature on Cu(111), a metal surface with threefold symmetry. Rubrene self-assembles into two different structures called row and trimer. Both are different than the structures already observed on Cu(110) and Cu(100). Row and trimer structures have comparable molecular packing densities and are equally distributed across the surface. In the row structure the molecules are oriented with their backbone along the same high symmetry directions of the surface: [101], [011] or [110]. The trimer structure is composed of units of three rubrene molecules, oriented along the high symmetry surface directions. These units are chiral, as revealed by height profile measurements by STM, and self-assemble in domains containing only one type of enantiomer.
Introduction
Rubrene (5,6,11,12-tetraphenyltetracene, C 42 H 28 ) is a nonplanar and flexible molecule consisting of a tetracene backbone with two pairs of phenyl substituents attached on either side of the backbone (figure 1). This molecule has been extensively employed in organic electronic devices such as light-emitting diodes (LEDs) [1] [2] [3] , field-effect transistors (FETs) [4] [5] [6] [7] [8] [9] [10] [11] and more recently in organic photovoltaic (PV) cells [12] [13] [14] [15] . Rubrene/C 60 heterostructures have also been employed in large open circuit photovoltages cells [14] and in devices integrating PV effect and electroluminescence [15] . Rubrene is considered a benchmark material for single crystal organic FETs, as its hole field-effect mobility is among the highest observed for organic semiconductors (OSCs) ( 15 cm 2 V −1 s −1 ) [6, 8, 11] . This exceptionally high carrier 6 On leave from: ISMN-CNR, Bologna, Italy.
mobility is attributed to efficient cofacial π-π stacking in the single crystal [6, 16] . A hole mobility as high as 2.5 cm 2 V −1 s −1 has been recently achieved in rubrene thin film transistors [17] . The excellent charge transport properties of rubrene have motivated several fundamental studies of rubrene single crystals [18] [19] [20] , thin films [21] [22] [23] [24] [25] and selfassembled structures [26] [27] [28] [29] to understand the structure of the first few monolayers on a substrate which essentially dictate the properties of the device.
Scanning tunneling microscopy (STM) is an excellent technique for studying the self-assembly of organic molecules at surfaces since molecular and atomic resolution can be attained under a range of experimental conditions [30] [31] [32] . The self-assembly of submonolayer rubrene on Au(111) was recently studied by STM [26] [27] [28] . Both local and hierarchal chiral structures were observed. A previous STM study by our group demonstrated the use of a Cu/Cu-O periodic supergrating as a nanotemplate to guide the assembly of rubrene [29] . The relevance of the nanotemplate is that it simulates electrode and gate oxide dielectric surfaces on which thin organic films are grown when incorporated into FET device architectures. It has been shown that OSCs such as rubrene, as well as other organic electronic molecules such as sexiphenyl [33] and α-quinquethiophene [34] , selfassemble into well-order structures on the Cu(110)-p(2 × 1)O reconstructed surface because of the anisotropy of the substrate which orients the molecules without disrupting their ability to organize into networks that resemble their single crystal plane structure [33] . We also investigated the adsorption and self-assembly of rubrene on the (100) and (110) facets of copper [35] . Such studies of the interfacial structure of OSCs at metal surfaces, particularly those used as electrode material, are important for our ability to rationally optimize the use of OSCs in electronic devices.
In this work, we report a room temperature (RT) ultrahigh vacuum (UHV) STM investigation of rubrene monolayers thermally evaporated on the Cu(111) surface. The observed structures are distinctly different from those observed on Cu(110) and Cu(100) surfaces [35] . Rubrene self-assembles into two different structures, called row and trimer. Both structures have similar molecular packing densities and are equally distributed across the surface; the row structure is one-dimensional, whereas the trimer pattern has threefold symmetry. In the row structure the molecules are oriented with their backbone along the same high symmetry directions of the surface: [101], [011] or [110] . The trimer structure is composed of units of three rubrene molecules, oriented along the high symmetry surface directions. The trimers are chiral, as revealed by STM height profile measurements, and selfassemble into domains containing only one type of enantiomer. Thanks to their conformational flexibility, rubrene molecules (which are essentially rectangular in shape but which can adapt their form upon adsorption) deposited on Cu(111) can thus either assemble into a one-dimensional pattern, following mostly their form, or form a structure with threefold symmetry, following the symmetry of the underlying lattice.
Experimental details
The adsorption of rubrene on copper was studied in UHV with a variable temperature STM, furnished with standard equipment for sample preparation and characterization (Omicron GmbH, Germany). The base pressure of the system is <5 × 10 −11 mbar. The Cu single crystals (Matek GmbH, Germany) were cleaned by repeated cycles of Ar + bombardment (600 eV) and annealing (∼825 K). After several hours of degassing, rubrene (Aldrich, purity 99%) was evaporated from a Knudsen cell at temperatures ranging from 430 to 450 K onto surfaces held at 300 K.
STM images were acquired at room temperature with a chemically etched W tip. The molecules were best imaged with tunneling parameters of −2.0 V and 0.5 nA, the negative voltage indicating that the sample was biased negatively with respect to the tip (i.e. filled states). In general, switching to positive biases had little impact on the appearance of the molecules but often resulted in a less stable tunneling junction. Therefore, the majority of the presented images are filled state images. The images were acquired from the topographic channel and subsequently analyzed using the free WSxM software [36] . Overlayer unit cells were determined from STM data, approximating lattice vector magnitudes to nearest substrate lattice point. Measured distances and angles were determined to within ±5%, the uncertainties arising chiefly from thermal drift and piezocreep.
Results and discussion
On Cu(111) rubrene is observed to self-assemble into two distinct polymorphs which coexist on the surface in separate domains. The polymorphs are referred to as the row and trimer structures. The two structures have the same packing density of 0.61 molecules nm −2 and are equally distributed across the surface, which indicates a similar stability at room temperature [37, 38] .
Rubrene molecules within the row structure appear as two bright protrusions, corresponding to paired phenyl substituents, separated by a dimmer region, corresponding to the tetracene backbone. The two bright protrusions are separated by a distance of 0.83 ± 0.04 nm which agrees with the theoretically determined separation distance of 0.87 nm, as measured from the center of one phenyl ring across the short axis of the tetracene backbone to the center of the opposing phenyl ring [35] . Individual substituents are not clearly resolved. All of the molecules within a given domain are aligned along the same direction in one of the high symmetry [101], [011] or [110] directions of the surface. An STM image of the row structure is shown in figure 2(a) and a model of the structure corresponding to the boxed area is proposed in figure 2(b) . The overlayer vectors, b 1 and b 2 , have respective magnitudes of 1.3±0.1 nm and 1.5±0.1 nm and the angle between the vectors is 128
• ± 6
• . The unit cell is rhombic and can be described in matrix notation as The trimer structure is composed of units with triangular shape (trimers), that we attribute to assemblies of three rubrene molecules. Within the trimer structure, rubrene molecules appear as bright protrusions with a diameter of 1.0 ± 0.1 nm as determined from STM images (figure 4). This appearance is significantly different from those observed on the (100) and (110) facets of copper [35] . However, single rubrene molecules on Au(111), at 5 K, appear as three unequally shaped features with an overall diameter of approximately 1 nm [27] . It is thus reasonable to assume that the molecules adsorb in a similar manner on Cu(111) and Au(111) surfaces. However, this cannot be verified since submolecular features of individual molecules within the trimer units could not be resolved. The lack of submolecular resolution also prevented to establish the exact orientation of the molecules within the units. The observed adsorption geometry may result from a combination of molecular flexibility, molecule-surface interactions and the c 3 symmetry of the surface [26] . The triangle defined by the trimer has two sides that are 0.9 ± 0.1 nm and a base that is 1.2 ± 0.1 nm. Angles of 87
• ± 4
• (between equivalent sides) and 45
• ± 2 • (between side and base) were measured (marked in figure 4(a) ). The trimers lie apex-to-apex and form interdigitated rows that run along the high symmetry directions of the surface. One interdigitated row is highlighted with green dashed lines in the STM image in figure 4(b) . A repeating unit is defined by the adlayer vectors, c 1 and c 2 . The vector magnitudes are 3.8 ± 0.2 and 2.8 ± 0.1 nm, respectively, and the angle between the vectors is 112
• ± 5
• . The unit cell of the trimer structure is rhombic and described in matrix notation as 16 3 0 11 .
An interesting feature of the trimer units is their chirality. The measured heights of the molecules that constitute a trimer are unequal as shown in figure 5 . Here the molecules are denoted by A-, B-, or C-type with heights decreasing from A to C. The height of B-and C-type molecules is approximately 18 and 33% lower than A-type molecules. These height ratios were obtained from dozens of trimer units and are independent of bias voltages (for biases ranging from −2.0 to +2.0 V). A-, B-and C-type molecules are not always found on the same A similar phenomenon has been observed for the selfassembly of rubrene on Au(111) at 5 K and it has been suggested that the chiral adsorption geometry of a single rubrene molecule induces the formation of the supramolecular chiral structures [26] .
Occasionally, tetramer units are observed within the self-assembled trimer domains (figure 6). The tetramers comprise four rubrene molecules that form squares with sides equal to 0.8 ± 0.1 nm. The STM image displayed in figure 6 shows two R-type trimer domains with two rows of tetramer units between them. The tetramer structures may arise from a shift in adjacent domains, similar to the formation of the pinwheel structures observed on Cu(100) [35] . In this case, the tetramers could have formed at the interface between the two trimer domains, as the domain in the upper left corner is shifted by approximately one Cu lattice spacing in the [101] direction, with respect to the domain in the lower right of the image. The empty spaces produced by the shift are occupied by an additional rubrene molecule thereby forming tetramer units. The small number of observed tetramers and defects surrounding them (i.e. empty sites and individual rubrene molecules) indicate that tetramer formation is not preferential.
The trimer structures may originate at the interface between domains of the row structure that are related by mirror symmetry. Figure 7 shows the boundary between two such domains. The features produced where the two domains meet bear a striking resemblance to the individual units that compose a trimer. The average diameter of these bright protrusions is 1.0 ± 0.1 nm, in agreement with the average diameter found for individual molecules within the trimer structure. Furthermore, the distance (X ) between the protrusions is 1.4 ± 0.1 nm and agrees with the measured base length of the trimers. The relationship between the row and the trimer structures is also verified by their equal packing densities (0.61 molecules nm −2 ). However, without knowing the orientation of the molecules in a trimer and their exact registry with the surface it is difficult to construct a model and verify this hypothesis. The trimer structure is certainly one of the more complex self-assembled structures of rubrene on copper and further studies are necessary to fully understand it. Low temperature STM experiments may provide images of single molecules with well-resolved submolecular features.
Conclusion
On Cu(111) rubrene self-assembles into two coexisting polymorphic structures: row and trimer. In the row structure the molecules are oriented with their backbone along the same high symmetry directions of the surface. In the trimer structure, the rhombic unit cell is composed of chiral arrangements of three rubrene molecules and bears similarities to the nested hierarchal self-assembled structures that rubrene forms on Au(111). Both are very different from the self-assembly earlier observed on Cu(110) and Cu(100) surfaces, indicating that rubrene forms surprising two-dimensional supramolecular patterns that are driven by a balance between van der Waals forces and substrate mediated interactions. The complex selfassembly behavior of rubrene at metal surfaces, including the observed polymorphism and strong dependence on the surface crystallographic plane index, needs to be taken into account when designing interfacial organic electronic devices based on rubrene and similar molecules.
